We have developed a broken-gap ͑type II͒ quantum well active region for midwave infrared interband lasers which exhibits a significantly increased Auger lifetime over that of previous designs.
I. INTRODUCTION
Midwave infrared ͑MWIR͒ lasers have important applications including trace gas sensing and military countermeasures, as well as medical applications such as noninvasive glucose monitoring. Room temperature operation of MWIR interband lasers has been difficult because of the presence of significant Auger recombination ͑AR͒ and intersubband absorption ͑ISBA͒. Auger recombination occurs when a carrier pair recombines and transfers energy and momentum to another carrier. ISBA involves an optically induced transition between either valence or conduction subbands. It is detrimental to a laser when it occurs at the lasing wavelength due to the presence of an energy subband positioned approximately one lasing transition energy from either the conduction or valence band edge. These undesirable effects can be suppressed by using strain and quantum confinement to tailor the energy bands in order to reduce the number of electron ͑hole͒ states which are one lasing transition energy away from the conduction ͑valence͒ band and/or by balancing the conduction and valence band density of states. 1 The initial type-II MWIR laser development work employed multiple quantum well ͑MQW͒ samples with InAs/ GaInSb broken-gap superlattice ͑BGSL͒ wells. 2, 3 The BGSL approach to MWIR lasers allows an extra degree of freedom as compared to the more conventional approach of employing InGaAsSb quaternary active regions. One can independently vary the thicknesses of the two constituent layers as well as the composition of the GaInSb compound. This allows one to independently tune the band structure and the effective lattice constant of the structure. Numerous laser diodes were demonstrated in the 2.8-4.3 m wavelength range, however, the suppression of AR and ISBA was somewhat limited with the two-layer BGSL structure. 4 Therefore the InAs/GaInSb/InAs/InGaAlAsSb four-layer BGSL was developed. Although significant reductions in AR and ISBA were obtained, 5 poor hole transport was observed in these structures. 6 Hence, a laser active region composed of InAs/ AlAsSb/InAs/GaInSb/InAs/AlAsSb/InAs broken-gap quantum wells ͑BGQW͒ has been proposed in order to obtain both high optical gain and good carrier transport. BGQW samples have been grown by molecular beam epitaxy ͑MBE͒ and have exhibited improved suppression of AR and ISBA when compared to the previous BGSL designs. The MBE parameters and shutter sequences employed during the growth of these samples, as well as the observed carrier lifetimes are presented.
The first MWIR lasers with ͑type-II misaligned͒ brokengap active regions employed MQW structures with two-layer InAs/Ga .75 In .25 Sb BGSL wells and InGaAsSb barriers. 3 MQW structures were necessary because the two-layer BGSL wells have a high degree of compressive strain. The InGaAsSb barriers were grown with tensile strain to yield a strain balanced well/barrier combination. However, these structures had relatively high AR and ISBA rates due to the large density of hole states one band gap below the HH1 level and due to the poor balancing of the conduction and valence band edge density of states ͑DOS͒. temperature photoluminescence than GaAs-like interfaces. 7 Finally, a 50 Å GaSb cap layer was grown on top of the upper In 0.20 Ga 0.60 Al 0.20 As 0.17 Sb 0.83 cladding layer, and the sample was annealed at 500°C for 30 min in an antimony flux. The anneal was found to significantly improve the 300 K optical efficiencies in the samples presumably by reducing the densities and/or optical activities of native defects. 8 Ultrafast pump/probe measurements were performed on these samples utilizing a 830 nm Ti:sapphire pump beam and a MWIR probe beam generated with an optical parametric oscillator. By measuring the room temperature differential transmission as a function of probe delay time and repeating at multiple fluences, the Auger lifetimes and Shockley Read Hall ͑SRH͒ lifetimes were determined. 2 The four-layer sample was grown at 380°C and, like the two-layer design, employed five-second antimony soaks after all of the InAs, GaInSb, and InGaAlAsSb layers in the BGSL. After growth, the sample was annealed at 500°C for 30 min in an antimony flux.
Four-layer BGSL samples with excellent structural quality have been grown as exhibited by x-ray diffraction measurements ͑Fig. 2͒. The sharpness and intensity of the superlattice fringes observed in the spectrum indicate the presence of abrupt interfaces. Good agreement is obtained between the observed spectrum and the one calculated for this structure using a dynamical x-ray model. The measured superlattice fringe spacing indicates an 89.4 Å BGSL period. An additional indication of sample quality was exhibited by the presence of strong room temperature photoluminescence ͑PL͒ which was peaked at 3.84 m. The layer thicknesses and alloy compositions of the structure were determined using a self-consistent analysis of the x-ray diffraction spectrum, the PL spectrum and the MBE fluxes and shutter times. 9 These optimized four-layer BGSL samples ͓Fig. 1͑b͔͒ were designed using a K"p band structure formalism. AR was minimized by reducing the valence band edge density of states. This is accomplished by introducing strain into the active region. ISBA was optimized by decreasing the number of states within one lasing transition of the band edges. The theoretical predictions of reduced Auger recombination were experimentally verified by pump/probe measurements ͑Fig. 3͒. The aforementioned four-layer BGSL sample exhibited an Auger lifetime of 350 ps at the calculated optimal carrier density (nϭ9.5ϫ10 17 cm Ϫ3 ) for lasing at 300 K ͑upper arrow in Fig. 3͒ . 6 To further test the design, double heterostructure 2.7, 3.7, and 5.2 m wavelength diode lasers were fabricated using thick four-layer BGSL active regions. Unfortunately, only the 2.7 m devices lased under electrical injection. Poor vertical hole transport through the thick fourlayer BGSLs and nonuniform carrier distribution limited di-FIG. 1. ͑a͒ Schematic of the two-layer GaInSb/InAs broken-gap superlattice ͑BGSL͒ MQW structure with InGaAlAsSb barriers. This sample is designed for 3.55 m laser operation. ͑b͒ Schematic of the four-layer BGSL structure. The utilization of the InGaAlAsSb strain-balancing layer in the BGSL allows one to use a more highly strained GaInSb layer than in the two-layer structure.
ode device performance. Nevertheless, the 3.7 and 5.2 m devices lased up to 300 and 185 K, respectively, with optical pumping. 10 Most recently, we have designed, grown, and characterized an InAs/AlAs 0.15 Sb 0.85 /InAs/Ga 0.60 In 0.40 Sb/InAs/ AlAs 0.15 Sb 0.85 /InAs BGQW structure ͑Fig. 4͒ that is predicted to have electronic and optical properties superior to that of the four-layer BGSL. The thicknesses of the InAs, AlAsSb, and GaInSb layers are 14, 21, and 25 Å, respectively. In this structure the hole transport problem present in the four-layer samples is substantially reduced by removing the ͑hole barrier͒ quinternary layer, yet suppression of AR and ISBA is improved. This structure was grown under slightly different conditions than the previous two. The optimum growth temperature for the quantum well active region was found to be slightly hotter ͑410°C͒ than for the previous sequence for this AlAsSb ternary-like layer is shown in Fig.  5 . The composition of this layer is critical to the success of the BGQW as a laser active region since it is utilized to strain balance the BGQW structure. If the AlAs 0.15 Sb 0.85 composition is not accurately controlled, the BGQW will relax and misfit dislocations will form. This will result in short SRH lifetimes and, thereby, poor radiative efficiencies.
InAs(11 Å)/Al 0.60 Ga 0.40 Sb(27 Å) superlattices ͑SLs͒ were utilized as barriers between the BGQWs. These SL barriers were employed because they could be grown with better surface morphologies than the InGaAlAsSb layers used in the previous structures. In addition, the SL gives rise to minibands in contrast to the discrete energy levels of the InGaAlAsSb compound. The minibands allow more efficient injection of electrons and holes from the n-type and p-type cladding layers, respectively, into the SL barriers. 12 The growth conditions for the barriers were similar to those of the BGQWs with a 410°C substrate temperature and with five-second antimony soaks after the InAs and AlGaSb layers. As with the four-layer BGSL samples, excellent structural quality and interface abruptness is exhibited by sharp and intense x-ray superlattice and MQW fringes. Again, good agreement is obtained between the observed spectrum and one calculated for the structure using a dynamical x-ray model ͑Fig. 6͒. The measured MQW and superlattice fringe spacings indicate a 305 Å MQW period and 37.1 Å superlattice barrier period. Finally, the room temperature PL spectrum exhibited by this BGQW sample is shown in Fig. 7 . The PL curve has a strong peak at the desired wavelength ͑3.4 m͒, suggesting a high quality sample, with low defect densities.
The energy band structure in the BGQW is a significant improvement as compared to the previous laser active region designs. In particular, this structure offers a much greater degree of optimization of the final states in energy momen- tum space in order to reduce ISBA. Pump/probe measurements performed on BGQW samples confirm the experimentally predicted reduction in AR. They yielded a 3 ns SRH lifetime and 0.94 ns Auger lifetime. Again, the Auger lifetime is measured at the calculated optimum carrier concentration (nϭ2.6ϫ10 17 cm
Ϫ3
) for room temperature, 3.4 m laser operation ͑lower arrow in Fig. 3͒ . 6 Note that this Auger lifetime is factor of 2.7 longer than in the four-layer BGSL and 7.2 times longer than in the two-layer BGSL.
In summary, we have described the MBE growth of MWIR laser structures incorporating various broken-gap antimonide active regions. This work has culminated in the design and growth of a multiconstituent broken-gap quantum well structure that exhibits reduced nonradiative losses. Auger rates at carrier densities predicted to be optimal for lasing have been decreased by nearly an order of magnitude by appropriately tailoring the valence band structure.
1 Also, by employing antimony soaks in between the III-As and the III-Sb layers and by using the modulated shutter technique for the growth of the AlAsSb ''quasi-ternary'' compound, smooth, abrupt interfaces are obtained as evident from the x-ray diffraction data and the relatively long ͑3 ns͒ SRH lifetimes. However, further improvements in the material quality, and thus in the electrical and optical quality of the devices are possible through the use of the migration enhanced epitaxy technique at the critical interfaces.
